Background/Purpose: It is widely assumed that damage to the peripheral hearing system is an essential prerequisite for the occurrence of tinnitus. However, previous studies have failed to target tinnitus patients with normal hearing. This study aims to investigate if tinnitus patients with normal audiological presentation demonstrate increased intensity dependence at the selected frequencies. Methods: This study applied auditory cortical evoked potential test to investigate nine tinnitus patients with normal audiological presentation and nine age-and sex-matched healthy subjects without tinnitus. Auditory cortical evoked potentials (N1-P2) were elicited from stimuli at four frequencies (4000, 2000, 1000 and 500 Hz) with five intensities (50, 56, 62, 68 and 74 dB nHL). Intensity dependences by latency of N1 and amplitude of N1-P2 were surveyed at midline electrodes.
Investigators in recent research believe that tinnitus is closely related to functional alterations of the central auditory and non-auditory systems in terms of sensation processing. [1] [2] [3] [4] [5] [6] While the pathology in the auditory endorgans may act as an initiator inducing a series of changes for tinnitus, it is the sustained plastic changes and aberrant activity residing in the subcortical and cortical structures of the auditory and non-auditory nervous systems that cause the sensation and problem of tinnitus.
Tinnitus affects 10-30% of the population and tends to increase in frequency with age. 7 As most tinnitus patients have various degrees of associated hearing loss, it is assumed that damage to the peripheral hearing system is an essential prerequisite for the occurrence of tinnitus. 8 However, divergent findings question the capacity of mild peripheral hearing loss to trigger auditory cortical reorganization. 9 ,10 Thus, with regard to the changes of activity in the central auditory system, the differences between tinnitus patients with and without hearing loss remain unclear.
As the summed postsynaptical potentials generated by large populations of neurons in the brain, cortical evoked potentials reflect the electrical response of the brain to a given stimulus like sight or sound. Such a response can be termed as a P or an N component based on its polarity. Since the early 1980s, the auditory cortical evoked potential (ACEP) test has become a useful tool in studying the neurophysiologic basis of language processing due to its excellent temporal resolution of milliseconds. Investigators have applied ACEPs to study the discordant activities of the auditory cortex that underlie tinnitus. Of the ACEPs relevant to the auditory cortical activities, the N1-P2 component reflects the stimulus properties as well as the attention and psychologic state of the subjects, 11, 12 which are presumed to be closely related to tinnitus, according to the neurophysiologic model of tinnitus. 13 Although a lack of consistent results was noted with ACEPs in terms of tinnitus objectification, previous studies suggested a difference between tinnitus patients and healthy subjects as regards the specific parameters of midline wave N1 or P2. [14] [15] [16] For tinnitus patients with peripheral hearing loss, hypersensitivity and hyperactivity in the auditory system have been noted at a frequency near hearing loss, representing the edge frequency. Accordingly, the response of such auditory systems to stimuli of increased intensity at the edge frequency is presumed to be higher than normal, i.e. there is increased intensity dependence. 17 Hence, it was the authors' premise that the edge frequency phenomenon would not present in tinnitus patients with normal hearing. The aim of this study was to investigate how the ACEPs presented the intensity dependence in tinnitus patients with normal audiologic presentation.
Methods

Subjects
Nine patients with bilateral tinnitus including six men and three women, aged from 16 to 64 years (mean, 35 years) were enrolled in this study. All patients had tinnitus for longer than 6 months, and met the criteria of severe disturbance by tinnitus in situations where they were not distracted by other sounds. The hearing thresholds were measured by an audiometer (Rion AA-67, Tokyo, Japan). Entry criteria consisted of normal audiologic presentations, that is, mean hearing threshold at 250, 500, 1000, 2000, 4000 and 8000 Hz < 25 dB HL ( tinnitus also underwent ACEP testing, and served as the control group.
ACEP test
Auditory stimuli were applied based on the literature, 16 and consisted of tone bursts at four frequencies (4000, 2000, 1000 and 500 Hz) with five intensities (50, 56, 62, 68 and 74 dB nHL). Each stimulus was 200 ms in duration (rise/fall time = 10 ms, plateau time = 180 ms) and presented biaurally via earphones at different intensities with the interval varying from 1.7 to 2.3 seconds. A total of four sessions were sequentially performed from 4000 Hz to 500 Hz, with a few minutes of rest between trials. Each session included 300 randomly selected recordings, with 60 recordings for each intensity at one frequency; each session lasted a total of 12 minutes. During testing, the subject was seated on a chair and put on an elastic cap with electrodes mounted, located sequentially over the scalp sites according to the modified International 10-20 System (NuAmps, Neuroscan, Biolink, Florida, USA). Data recorded at midline electrode sites Fz, Cz and Pz were selected for statistical analysis as they showed better signal to noise ratios than those recorded at other electrode sites. The above electrodes were located at frontal (Fz), vertex (Cz) and parietal (Pz) proportionally on the line between the nasion and inion. Each subject concentrated on detecting any sound in the earphones, with their eyes focused on a fixed point in front of them. Auditory evoked potentials were recorded and referred to linked earlobe electrodes. Eye movement artifacts were recorded from the vertical and horizontal electro-oculography electrodes. The recorded ACEPs were amplified by a factor of 10,000 and band-pass filtered between 0.1 and 100 Hz. Analog signals were recorded and digitized at a sampling rate of 1000 Hz.
Each epoch was individually screened by a computer algorithm before being included in the averages. Single trial at each electrode was corrected from the contamination of eye blinking and eye movements. More than 40 valid epochs were averaged to provide the final ACEP.
The Matlab software package was utilized to determine the latency of peaks N1 and P2, and amplitude N1-P2. Peak N1 was defined as the most negative peak at 50-150 ms, and peak P2 was termed as the most positive peak following N1 at 150-250 ms. Peak-to-peak amplitude N1-P2 was used as a composite indicator for the intensity of responses to the auditory stimuli.
Statistical analysis
The mean hearing thresholds of each frequency between tinnitus and control groups were compared by Student's t test. To evaluate the differences in intensity dependence between the two groups, we estimated the linear relationship (slope) between the intensity of auditory stimuli and N1 latency or N1-P2 amplitude. The differences in the slopes of each frequency between the two groups were compared using the Wilcoxon rank sum test. While taking in the analysis of all stimulus frequencies simultaneously, two-way ANOVA was used to compare the intensity dependence between the two groups. This study was approved by the institutional review board, and all subjects signed an informed consent form.
Results
Both tinnitus and control groups exhibited normal hearing thresholds of each frequency without significant difference (p > 0.05, Student's t test; Table 1 ), and the ACEPs were successfully recorded in all healthy subjects and tinnitus patients. Representative individual waves are shown for one subject from each group (Figures 1 and 2) .
Intensity dependence was defined as the relationship between the change in latency of N1 or amplitude of N1-P2 and the change in the intensity of stimuli. The slopes of the relationship between stimulus intensity and N1 latency were compared by using the estimated slopes (ms/dB) derived from linear regression; Figure 3 demonstrates an estimated slope at 1 kHz for a tinnitus patient. Regarding N1 latency, the results revealed non-significant differences between the two groups despite four stimulus frequencies at three recording sites, e.g. Fz, Cz and Pz (p > 0.05, Wilcoxon rank sum test; Table 2 ). The intensity dependence by N1 latency to the pooled frequencies, that is, taking all the stimulus frequencies simultaneously, revealed no significant differences between the two groups despite the recording sites (two-way ANOVA: Fz, p = 0.374; Cz, p = 0.413; Pz, p = 0.395; Table 2 ).
At the Fz position, both groups showed negative slopes of the relationship between stimulus intensity and N1 latency at all stimulus frequencies, indicating that a higher intensity would result in a shorter N1 latency recorded at the Fz position. At the Cz and Pz positions, both groups had negative slopes at 500, 1000 and 2000 Hz frequencies, whereas different responses existed at 4000 Hz. For example, the control group had positive estimated slopes, whereas the tinnitus group had negative estimated slopes. The differences in the slopes at 4000 Hz were not statistically significant (Wilcoxon rank sum test: Cz, p = 0.377; Pz, p = 0.791; Table 2 ).
Comparison of the slopes of relationship between stimulus intensity and N1-P2 amplitude revealed non-significant differences between the tinnitus and control groups at the selected frequencies no matter whether the recordings were from the Fz, Cz or Pz positions (p > 0.05, Wilcoxon rank sum test; Table 3 ). However, across the four selected frequencies together, significant differences existed at the Fz (p = 0.032, two-way ANOVA; Table 3 ) and Cz positions (p = 0.043), but not at the Pz position (p = 0.701). Restated, the tinnitus group showed a less steep slope with a smaller N1-P2 amplitude change in response to increased stimulus intensity at the Fz and Cz positions.
Discussion
Previous studies proposed that the difference in intensity dependence of either latency of N1 or amplitude N1-P2 between tinnitus patients and healthy controls existed at the edge frequency of hearing loss. 12, 16 For the distinct pitch of tinnitus, the central tinnitus-related activity exists as a response to decreased auditory input, which is due to peripheral hearing deficit, compatible with the underlying mechanism of the edge frequency (distinct pitch) in tinnitus patients with peripheral hearing loss. However, in cases of normal hearing, no significant difference existed between tinnitus and control groups in relation to the intensity dependence of the N1-P2 component at selected frequencies.
It is argued that peripheral hearing loss of tinnitus patients would cause a disordered lateral inhibition and lead to the edge frequency related change of plasticity in the auditory cortex. Reactive lateral inhibition is therefore suggested to be the basis of abnormal intensity dependence, which is recorded as responsive N1-relevant amplitude with ACEPs. However, the lateral inhibition due to peripheral hearing loss occurring at the edge frequency is not demonstrated in tinnitus patients with normal hearing. It is therefore our argument that tinnitus-related activity in the auditory cortex of the normal hearing population is not enhanced by tone bursts at selected frequencies, and is thereby recorded as abnormal frequency/ intensity dependence of the N1-P2 component. However, the aberrant neural activity should reside somewhere in between the auditory and nonauditory systems to cause problem-tinnitus. Moller et al reported that some non-classical auditory pathways may play an important role in the emergence of problem-tinnitus in such condition. 19 Examination of the intensity dependence of the N1-P2 component across four selected frequencies together revealed statistical differences between the tinnitus and control groups in this study. The intensity dependence by N1 latency to the pooled frequencies at the three midline electrodes revealed non-significant difference (Table 2) . However, significant differences existed in the intensity dependence of amplitude N1-P2 to the pooled frequencies at the Fz and Cz positions (Table 3) . Paradoxically, these differences suggest that tinnitus patients tend to respond less to increased sound intensity and are inclined to weaker intensity dependence, manifesting as a different characteristic from tinnitus patients with hearing loss.
The current study was undertaken across four sequential trials, from 4000 to 500 Hz, with each trial consisting of 300 tone burst stimuli. Since cortical processing is subject to influences such as attention and habituation, the late recordings of ACEPs in our long series may not be completely comparable to the early recordings. However, a few minutes of rest between sessions and intensity dependence by amplitude N1-P2 did not show a parallel decrease when the stimuli frequencies were lowered. Therefore, potential habituation of the fixed order of high to low frequencies of auditory stimuli in this study would not explain very well the weaker intensity dependence of the tinnitus patients without hearing loss.
Because of the experimental setting, the intensity of auditory stimulus was higher than that of a previous study of intensity dependence of N1 latency. Some authors have described substantial intersubject variations in the amplitude of late auditory responses, particularly the N1-P2 component. Accordingly, amplitude N1-P2 increases with stimulus intensity in some individuals, while the increase is gradual at low stimulus intensities and at constant or even decreasing amplitude at the higher intensities tested. Until recently, the intersubject variation of augmenting/reducing phenomenon remains a major issue in studying the auditory evoked potentials. [20] [21] [22] In this study, a few tinnitus patients demonstrated an insignificant increase of amplitude N1-P2 to the increased stimulus intensities, while an increase was consistently recorded with healthy subjects. Concerning the above intersubject variation, it is not clear if the tinnitus patients presented with an early "saturation" to the increased intensity of stimulus tones. Future study should determine if there are any differences in the intensity dependence of the N1-P2 component at any frequency between those with and without tinnitus while both groups show the same hearing level and audiogram type with distinct edge frequency. This will help clarify if the abnormal frequency/intensity dependence on ACEPs of tinnitus patients correlates with peripheral hearing loss.
In this study, increased intensity dependence of the N1-P2 component of ACEPs at selected frequencies cannot be demonstrated in tinnitus patients with normal audiologic presentation. Restated, the edge frequency phenomenon fails to present in tinnitus patients with normal hearing, exhibiting a different characteristic from tinnitus patients with peripheral hearing loss.
